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Current theories about the evolution of aging and life span are mostly related to the disposable soma theory (Kirkwood 1977) and the related antagonistic pleiotropy theory (Williams 1957) , which are both based on the optimal allocation of limited resources between physiological functioning, reproduction, and survival early and late in life. According to these theories, aging rate and its physiological mechanisms should evolve through the response of populations to selective factors in the environment, particularly the relative contribution to fitness of offspring produced early in life versus those produced later in life. A number of potential physiological mechanisms of aging have now been identified, most notably the free radical theory (Harman 1956) , and many studies in model organisms have examined the relationships between these mechanisms and aging. However, few studies have examined variation in such a mechanism across a sample of many species (but see Haussmann et al. 2003) .
Independently of the development of aging theory, ornithologists have endeavored to explain variation in lifehistory patterns of birds, focusing in particular on differences between temperate and tropical species in clutch size, growth rate, and survival rate (e.g., Moreau 1944; Lack 1948; Skutch 1949; Ricklefs 2000; Martin 2004) . A number of theories have been proposed to explain these differences, from food limitation to variation in nest predation. Martin (2002) has suggested that much of the variation in life histories can be explained by risk of predation (either on adults or on offspring), which is consistent with both the disposable soma theory and the observed association between survival rates of young adults and the rate of aging (Ricklefs 1998) . Recently, studies have also emphasized the importance of physiological variation as a determinant of life-history variation. Endocrine signaling pathways and immune functional capacities may respond to selection on life-history patterns, but they also constrain variation in life histories (Wikelski et al. 2000; Ricklefs and Wikelski 2002; Tieleman et al. 2004) .
A study on variation in antioxidants across avian species in relationship to life-history variation has the potential to link aging and life-history research programs and to answer fundamental questions about the role of physiological evolution in determining broad patterns of variation in aging and life histories. Antioxidants protect against free radical damage (Beckman and Ames 1998; Halliwell 2000) , which is the best-studied and most widely accepted aging mechanism to date, though there is still considerable debate as to its relative importance (e.g., Hulbert et al. 2007) . Antioxidants also regulate various aspects of immune function (Surai 2002) , and some antioxidants, notably carotenoids, are involved in secondary sexual traits and are supplemented in egg yolk in birds (Surai et al. 2001; McGraw and Ardia 2003) . These relationships have generated considerable interest in the role that antioxidants might have in ecological and evolutionary contexts (e.g., Hõrak et al. 2006; Costantini et al. 2007 ). Recent studies of birds have examined associations between antioxidant defenses and immune function, development rate, stress, and individual quality (Costantini and Dell'Omo 2006; Alonso-Alvarez et al. 2007; Cohen et al. 2007; Isaksson et al. 2007 ). For measures of overall antioxidant capacity, results have been mixed; for example, antioxidant levels sometimes increase and sometimes decrease in response to an immune challenge (Costantini and Dell'Omo 2006; Hõrak et al. 2007 ). Such contradictory results preclude a framework for expected results in such experiments or for placing antioxidant capacity in a larger context. Our goal here was to relate antioxidants, including both carotenoids and other circulating micromolecules, such as uric acid and vitamin E, to life-history variation in birds in a broad comparative survey.
Exceptional variation in antioxidant capacity is not wholly unexpected in animals, given the complexity of antioxidant systems. Most endogenous free radical production occurs in the mitochondria, especially at complexes I and III, where enzymatic antioxidants such as superoxide dismutase are the primary defense (Brand et al. 2004; Huang and Manton 2004) . Micromolecular antioxidants, such as vitamins C and E, carotenoids, and uric acid, also have important roles, both in mitochondria and in circulating systems, where, for example, they protect against lipid oxidation that can lead to atherosclerosis (Neuzil and Stocker 1994) . In general, antioxidants receive extra electrons from radicals, neutralizing the radical, but each antioxidant has a somewhat different function depending on its solubility (water vs. lipid) and reactivity with different types of free radicals. Some antioxidants can become pro-oxidant in some biochemical contexts, depending on the availability of other antioxidants (Surai 2002) .
Experimental studies have pointed to the importance of controlling free radical protection in the electron transport chain, suggesting that antioxidants are a second line of defense and that effective control is more a function of lowering membrane gradients than upregulating antioxidants; in fact, high antioxidant levels can reflect less control of free radical production (Barja 2004; Brand et al. 2004) . Such overall patterns need not be reflected in the levels of all components of the system; for carotenoids in particular, dietary limitation and highly specific functionsperhaps biochemical signaling as well as antioxidant protection (Hartley and Kennedy 2004) -suggest that patterns might differ from overall patterns of antioxidants. Birds excrete excess nitrogen via uric acid and can thus tolerate high levels of uric acid. It has been proposed that antioxidant properties of uric acid could account for the exceptional life spans of birds relative to mammals (Holmes et al. 2001) , and several studies have purported to show antioxidant benefits of high uric acid levels in domestic fowl (e.g., Simoyi et al. 2002; Machin et al. 2004) .
The few comparative studies on antioxidants have used a small number of species, often from different classes such as birds and mammals, on the assumption that the species chosen were representative (e.g., Lopez-Torres et al. 1993; Pérez-Campo et al. 1994) . Unfortunately, strong inferences based on such distantly related species are problematic because physiology differs systematically and because there are not enough vertebrate classes to test hypotheses of antioxidant variation or to control for numerous confounding factors. Thus, studies that examine patterns of antioxidant protection across more closely related species in the context of life-history variation are clearly needed. It is not immediately apparent how closely the species should be related, so ideally the relationships could be tested at different taxonomic levels, such as within classes and orders. There is no reason to expect that relationships that are apparent at one taxonomic level can be generalized to others. Also, such patterns could vary with ecology, differing, for example, in relation to diet or climate. Thus, many factors could complicate relationships among antioxidants and life histories, including phylogeny, ecology, and potential multidimensionality of both antioxidant variation and life-history variation.
We measured 13 antioxidant parameters in blood samples from 95 bird species and compared them to measurements of metabolic rate, clutch size, incubation period, nestling period, survival rate, and body mass. These data were collected as part of a large collaborative effort to understand avian physiology and life histories in the context of tropical-temperate differences; this study confines itself to antioxidant-specific aspects of that project. Avian life histories (and metabolic rate and mass) are generally considered to be distributed along a single strong axis of variation, often characterized by the extremes of "live fast, die young" versus "live slow, die old," where the pace of life is closely associated with rate of reproduction and expected life span. Thus, birds with low survival rates tend to rear more offspring per nesting attempt, grow faster, and have higher metabolic rates and smaller body size (Wikelski and Ricklefs 2001; Ricklefs and Wikelski 2002) . Differences in life histories of tropical and temperate bird species are well known (Martin 1996; Ricklefs and Wikelski 2002) . Basal metabolic rate (BMR) is lower in tropical species than in temperate species (Wiersma et al. 2007 ), whereas survival rate patterns are less clear (Brawn et al. 1999; Ricklefs and Shea 2007) . We sampled widely among both Neotropical and North American temperate species and incorporated the effect of climate zone both as a lifehistory covariate and as an environmental predictor.
Here, we attempt to place variation in serum antioxidant levels within the more general context of life-history variation. We hypothesized that higher antioxidant levels would be characteristic of birds with live fast-die young life-history strategies, confirming a secondary role for antioxidants in defense against free radical damage such that antioxidant levels tend to track free radical production levels. In particular, we expected high mass-adjusted metabolic rate to increase free radical production and thus to favor higher antioxidant levels (but see Ricklefs et al. 1996; Speakman et al. 2004) . Among the antioxidants measured, vitamin E has the most clearly established role in free radical defense, so we expected antioxidant-life history associations to be clearest and strongest between vitamin E and BMR. Also, greater parental investment (proxied here by lower survival, larger clutches, and perhaps faster development) is associated with greater oxidative stress and thus should result in higher antioxidant levels (Alonso-Alvarez et al. 2004; Wiersma et al. 2004 ). However, knowledge of antioxidant systems in this context was insufficient for more detailed predictions, and the larger goal of this study was to characterize how antioxidants and life histories covary across evolutionary time. We thus describe the consistency and generality of antioxidant-life history relationships, attempt to determine which lifehistory variables may be driving these patterns, and test the generality of our results across samples that are stratified ecologically (tropical vs. temperate) and phylogenetically (nine-primaried oscine, passerine, neoaves). We present several complex sets of results, which we believe represent an equally complex biological reality that defies either broad generalization or simple presentation.
Methods

Collection of Avian Serum
We collected blood samples from wing veins of 744 birds from 95 species using nonheparinized microcapillary tubes (supplements A1, A2 in the online edition of the American Naturalist). Samples were centrifuged in a Zip-Spin portable centrifuge (LW Scientific), and serum was removed and kept on ice (1-6 h) until it could be frozen at Ϫ80ЊC. To assess potential effects of stress on antioxidant capacity, two samples were taken from each of 255 individuals, the first within 5 min of capture and the second after the subject had been held for 1 h in a cloth bag. Such stress causes large changes in all antioxidant parameters, but the direction and magnitude of the changes vary across both species and antioxidant type (Cohen 2007; Cohen et al. 2007) .
Ninety-one (96%) of our study species were small forest and forest-edge species, mostly passerines (order Passeriformes), caught in mist nets in Panama or Michigan (suppl. A1). Netting was conducted at several locations in and around Gamboa, Panama, in March 2004 and March 2005, and  Two species-the house wren (Troglodytes aedon) and the yellow warbler (Dendroica petechia)-have distinct subspecies in Panama and Michigan, and they show clear differences in most of the parameters we measured. We thus include the subspecies separately in this analysis, providing a total of 97 taxa for analysis.
We attempted to minimize overlap of individuals for the four data collection programs incorporated into this study (blood sampling, metabolic measurements, markrecapture studies, and observation of nesting success), despite use of the same study sites. We had less than 2% overlap between any two programs of the study. In all cases, efforts were made to sample during the breeding season, but degree of seasonality differs between tropical and temperate environments, and many individuals were of unknown breeding status. Appendix A in the online edition of the American Naturalist provides detailed methods for quantification of total antioxidant capacity, uric acid, vitamin E, carotenoids, survival rate, BMR, clutch size, incubation period, and nestling period, all of which follow generally accepted methods (e.g., Brawn et al. 1999; McGraw and Parker 2006; Cohen et al. 2007; Wiersma et al. 2007) . Total antioxidant capacity is a measure of serum capacity to quench free radicals, and it detects the effects of micromolecular (rather than enzymatic) antioxidants ). Survival and metabolic rate data for tropical species were mostly measured directly for this study, but data for temperate species were taken mostly from published studies that used methods consistent with ours (e.g., the Monitoring Avian Productivity and Survivorship [MAPS] database for survival). Methods for data supplementation from the literature and phylogeny construction are also provided in appendix A; the phylogeny we used is provided in Newick format there. We attempted to use maximum recorded life span as a life-history variable but found that systematic bias in sampling intensity across species made it unsuitable for inclusion here.
Data Analysis
Total antioxidant capacity (TAC) and concentrations of uric acid, vitamin E, and all individual carotenoids were log transformed to improve normality. Three of the carotenoids-zeaxanthin, b-cryptoxanthin, and b-carotene-were lognormally distributed only when "0" values were excluded. Zero values indicate levels below the lower detection limit of 0.01 mg/L; accordingly, they were converted to 0.01 and log transformed with the rest of the data. Four carotenoids were present in enough species (130; all other carotenoids ≤2 species) to be considered individually in these analyses: lutein, zeaxanthin, b-cryptoxanthin, and b-carotene. Total carotenoid concentrations were calculated, but results paralleled those for lutein, by far the most abundant carotenoid; given the considerable variation in patterns among carotenoids, total concentration is not an informative measure of overall variation (see Cohen 2007) . Carotenoid number is the average number of carotenoid types detected in the serum of each species. Overall variation in carotenoids is best represented by a carotenoid factor, a factor axis describing 70% of the variation in the four carotenoid types and carotenoid number, with factor loadings from 0.65 to 0.96 (Cohen 2007) . Individual carotenoids show considerable heterogeneity in the analyses here; these results are presented in the online edition, and only the factor is used here.
Uric-acid adjusted TAC residuals (Res) were calculated following Cohen et al. (2007) and represent antioxidant capacity resulting from compounds other than uric acid. The response of uric acid (DUA) and TAC (DTAC) to stress was calculated as the logarithm of the value at 60 min minus the logarithm of the initial value on capture. Stress response of the residual (DRes) was calculated by subtracting the baseline value from the poststress value. In the context of this article, DUA and DRes behave similarly to DTAC, so their results are presented only in the article appendixes in the online edition. There were few sex differences in antioxidant levels within species, and the differences that were found showed no obvious patterns (Cohen 2007) . Sex differences in life-history variables were generally unavailable and are not considered in this study.
All life-history variables except clutch size, survival rate, and climate zone were log transformed for normality. Clutch size was not normally distributed, due in part to the large number of tropical lowland species with a clutch size of 2, and was left untransformed. We distinguished climate zone in this analysis as a binary variable (1 p ; ). Because categorical variables can tropical 0 p temperate be problematic in multivariate analyses, analyses were checked by omitting climate zone and by using separate analyses for tropical and temperate species.
Phylogeny was accounted for with phylogenetic regressions (bivariate and multivariate) run in SAS using the v0.7 implementation provided by Grafen (1989 Grafen ( , 2006 . Intraspecific variation in antioxidants is high (Cohen 2007) , and this could obscure patterns across species but not bias results. Variation within species (between sexes, across seasons, in relation to individual quality) will be addressed in forthcoming articles by our research group; here, we make the assumption that the species means are not overly biased by our sampling method or intraspecific variation and work only with these average values.
Multivariate Analyses
Principal components analysis (PCA) from the correlation matrix of transformed variables was used to examine associations among life-history variables (using the "princomp" function with R software v2.5.0 [R Development Core Team 2007] ). We calculated a simple correlation matrix for all variables and factors using the CORR procedure in SAS. Missing data prevented use of stepwise regression, a technique that also has been criticized as biased and unstable (Harrell 2001) . As an alternative, we used bivariate partial correlations (SAS, GLM procedure, Type III sums of squares) to examine the dependence of antioxidant-life history associations on other life-history variables. We show these relationships in detail in appendix B in the online edition of the American Naturalist. We also developed a novel graphical representation for the full set of bivariate partial correlations, an association matrix with each association strength (r value) represented by an ellipse such as would be drawn around a field of points on a graph (R v.2.5.0, "ellipse" package; see fig. 1 ). Suites of associated variables can be identified because their uncontrolled correlations disappear when controlling for each other but not when controlling for other variables. For example, if variables A, B, and C were all tightly correlated with each other but not with D, the A-B correlation would disappear when we controlled for C but not when we controlled for D. Also, interactions and residual effects can be identified because the effect after controlling for a variable is stronger or in the opposite direction of the uncontrolled correlation. For example, if A and B were not correlated except when we controlled for C, then it would be the residual of B on C that correlates with A (or vice versa). Although this method does not incorporate models controlling simultaneously for multiple variables, we believe that in most cases, the covariance structure and dependency of a variable set can be accurately and intuitively understood with such a figure. It should also not suffer from the bias or instability of stepwise regression, and it is not affected by missing data (assuming that the data are missing at random).
Multiple Testing Issues
We performed a large number of statistical tests in this study. Whenever multiple tests are calculated, some are inevitably significant individually just by chance. On average, one out of 20 analyses will appear significant at even in the absence of an underlying pattern. a p 0.05 In contrast, overcorrection for multiple testing can lower significance levels so far that many real patterns are obscured. For example, we present 126 simple correlations between antioxidant variables and life-history variables. The Bonferroni correction here would lower our a p significance threshold to 0.0004. Only five of 126 0.05 correlations are significant at , but 45 of them a p 0.0004 are significant at -far more than the 6.3 exa p 0.05 pected by chance. Moreover, inspection of these values ( fig. 2) shows that they are not randomly distributedmass tends to have more associations than other lifehistory variables, and TAC and UA tend to have more associations than other antioxidant variables. These patterns strengthen our conclusion that these associations are real, not statistical artifacts. Thus, we do not formally correct for multiple testing issues but present our data with the caveat that some "significant" results might have been produced by chance.
More generally, our conclusions do not rely on the significance of any particular test but rather are based on the patterns of which results are significant and are confirmed by multiple analytical techniques and subsampling of data for various analyses. Thus, all P values presented here should be interpreted as indications of relative level of support and not as significance tests with a threshold. The approach we use here is favored for analysis of large, complex data sets, where formal correction for multiple testing is often inappropriate (Savitz and Olshan 1995; Perneger 1998 ). Hypothesis testing is not necessarily the most appropriate framework for such studies, especially when the goal is exploration or characterization of broad patterns rather than testing of specific relationships. In this case, the nature of complexity in the associations among antioxidants and life-history characters is a more important result than any specific relationships. However, this complexity is not a hypothesis that can be assessed with a single statistical test, and its qualitative characterization relies on synthesis of various lines of evidence.
Results
Principal Components Analysis
Complete data for all life-history variables were available for only 31 species, but excluding BMR and survival, we had complete data for 94 species. To examine robustness of patterns of subsampling and sample size, we generated principal component axes in four ways: (1) including BMR and survival rate ( ), (2) including survival rate but n p 31 not BMR ( ), (3) including BMR but not survival n p 58 rate ( ), and (4) including neither ( ; table n p 50 n p 94 1). The analysis of all variables showed that clutch size, climate zone, and incubation period were tightly associated but nearly orthogonal to mass. Survival rate was orthogonal to BMR, and nestling period was only weakly associated with the first two axes ( fig. 3 ). Tropical and temperate species partitioned cleanly on the plot. Three axes had eigenvalues greater than 1, together explaining 85% of the variance (table 1). The first represented small clutch (being from the tropics) and to some extent long incubation, high survivorship, and low BMR. The composition of the second and third axes changed somewhat depending on the inclusion of BMR in the model, probably because of the species composition of the subsample, but one axis was always strongly associated with body mass and the , vitamin E (E), and carotenoid factor (F). The basal metabolic rate (BMR) is mass adjusted. Each association strength (r value) is represented by an ellipse as would be drawn around a field of points on a graph. Narrower ellipses represent stronger associations; downward-sloping and upward-sloping ellipses show negative and positive associations, respectively. Darker shading also represents stronger associations. Each matrix shows a single antioxidant as a dependent variable. The first column of each matrix shows the Pearson correlation between the row life-history variable and the antioxidant variable for that matrix; each other column shows the partial correlation after controlling for the column variable. A row in which all associations are identical indicates that the row variable is associated with the antioxidant independent of all other life-history variables; a column with no associations shows that controlling for that variable makes all other associations disappear. This figure does not incorporate information on statistical significance; for more detail, see tables B7-B19 in the online edition of the American Naturalist. Mass p body mass, Survival p survival rate, Clim zone p climate zone, Clutch p clutch size, Incubation p incubation period, Nestling p nestling period, and Corr p correlation. , and only temperate species (F). The basal metabolic rate (BMR) is mass adjusted. Each Pearson correlation (r) is represented by an ellipse as would be drawn around a field of points on a graph. Narrower ellipses represent stronger associations; downward-sloping and upward-sloping ellipses show negative and positive correlations, respectively. Darker shading also represents stronger correlations. This figure does not incorporate information on statistical significance; for more detail, see tables B1-B6 in the online edition of the American Naturalist. TAC p total antioxidant capacity, UA p uric acid, Res p UA-adjusted TAC residuals, dTAC p response of TAC to stress, VitE p vitamin E, CarFac p carotenoid factor, Mass p body mass, Surv p survival rate, Clim zone p climate zone, Clutch p clutch size, Incub p incubation period, and Nestl p nestling period. other with long nestling period (table 1). If we remove body mass and nestling period from the analysis, the first axis describes 63% of the variation.
Correlations between Antioxidants and Life-History Traits
Antioxidant measures often correlated significantly with life-history variables such that large, long-lived, slowreproducing, and slow-growing species had lower antioxidant levels ( fig. 2A; table B1 ). Five of seven life-history variables were correlated with TAC. Vitamin E was not significantly correlated with any life-history parameter. In the full data set, the direction of associations for all variables was consistent with the overall pattern; all correlations between antioxidants and life-history variables were negative, except for those with clutch size and massadjusted BMR, which were always positive. Antioxidant stress response was always negatively associated with baseline levels, and accordingly, its associations with lifehistory variables were in the opposite direction of baseline measures. However, many correlations were not significant.
Robustness of Correlations to Ecological and Phylogenetic Subsampling
We conducted multiple analyses to check the robustness and generality of the correlations found in the full data set. We controlled for phylogeny using a phylogenetic regression with no control variable (Grafen 1989) , and the resulting P values mirror nearly exactly those for Pearson correlations (tables B1-B6). We conducted the analysis on three smaller data sets consisting of phylogenetic subsets: passerines only, nine-primaried oscines only, and omitting all nine-primaried oscines. The correlations for the phylogenetic subsets were similar to those for the full data set ( fig. 2A-2D ; tables B1-B4). The average differences in r between the full set and subsets were 0.06, 0.17, and 0.13, respectively. We tested for differences in r using a t-test on a z transformation. Out of 104 correlations in each subset matrix, 0, 3, and 3, respectively, were significantly different from the full set at , which was fewer a p 0.05 than the five or six expected at random. However, some correlations within nine-primaried oscines differed from those in the complementary set, that is, non-nine-primary oscines ( fig. 2C, 2D ; tables B3, B4). The average difference in r was 0.29, and then 15 of 104 correlations were significantly different. Nine of these 15 were correlations with nestling period; also, nine-primaried oscines show strong associations between TAC, UA, and incubation.
When tropical and temperate species were analyzed separately, many effects emerged that were particular to one group or the other or to the full data set ( fig. 2E, 2F ; tables B5, B6). The average difference in r was 0.29, and 11 of 91 correlations were significantly different. Correlations between antioxidants and clutch size disappear among tropical birds, probably because there is so little variation in clutch size in the tropics (see also partial correlations in the next section and in tables B7-B19). BMR is strongly negatively correlated with TAC and UA but only in temperate birds. There appears to be a strong negative association between survival and carotenoid levels in tropical birds but no association in temperate birds. In both the phylogenetic and ecological subsets, a few of the significant correlations were in the opposite direction of the full data set, with low antioxidants characteristic of species with life-history variables indicating live fast-die young strategies. The exceptions with include BMR with TAC, P ! .05 UA, and vitamin E and incubation with vitamin E in temperate birds; all associations with nestling period in the set excluding nine-primaried oscines; and vitamin E with BMR in nine-primaried oscines, a total of 10 out of 162 such relationships in tables B1-B6. Despite the small number of these exceptions, they appear nonrandomly distributed and thus may indicate real associations.
Partial Correlations
Correlations and bivariate partial correlations are summarized in figure 1 (see "Methods" for interpretation); for full information on all correlations and bivariate partial correlations, see appendix B. The associations of lifehistory variables with TAC and UA are similar to each other. In both cases, mass is associated independent of (i.e., even when controlling for) other life-history variables, and clutch size and climate zone associations are dependent on each other but not on other variables. The association of survival weakened or disappeared when controlling for other variables except nestling period. Incubation period was associated only with TAC, and the association weakened or disappeared when controlling for survival, clutch, and climate zone. The TAC-UA residual (i.e., non-uric-acid antioxidant capacity), TAC stress response, and vitamin E are all much less closely associated with life histories. The residual is consistently positively associated with BMR when controlling for other variables, but the significance values are marginal ( ). .03 ! P ! .13 Mass is robustly associated with TAC stress response, but the effect size weakens considerably when controlling for survival rate. None of the vitamin E associations can be supported with any confidence, considering both high P values and multiple testing issues. Mass and survival are both associated with the carotenoid factor in a reciprocally dependent fashion, but the association with survival is also dependent on most of the other life-history variables. Incubation period was robustly negatively associated with carotenoids when controlling for other life-history variables. Individual carotenoids often show distinct patterns-for example, zeaxanthin is associated with BMR and b-carotene with nestling period (see tables B14-B19).
Results from phylogenetic regression were equivalent to those from analyses without phylogenetic control.
Discussion
Although not all antioxidant variables were associated with all life-history variables, the direction of the observed associations was consistent with high antioxidant levels being characteristic of the live fast-die young life-history strategy. Antioxidant levels were negatively associated with body mass, nestling period, incubation period, and survival rate but positively associated with clutch size and mass-adjusted BMR. Although one might expect that live fast-die young species would have lower levels of antioxidants to support greater investment in current reproduction, recent work on model organisms suggests that antioxidant levels track free radical production, which might be elevated in species with high metabolism and short life spans (Van Remmen et al. 2003; Barja 2004) .
At the broadest level, our results support the disposable soma theory of aging (Kirkwood 1977) , the free radical theory of aging (Harman 1956) , and general theories about life-history trade-offs and physiology (Wikelski and Ricklefs 2001) . Closer examination of the results shows that although these theories have an element of truth, they fail to capture the interplay of many factors or the resulting complexity that resists generalization. Presumably, birds with high metabolic rates have higher free radical production; if antioxidant levels largely track free radical production as a result of direct need, we would expect small, short-lived birds with high metabolic rates to have higher antioxidant levels, as observed here. However, in contrast to the predictions of this hypothesis, vitamin E was less strongly associated with life histories than other antioxidants were, and the BMR was less strongly associated with antioxidants than other life-history variables were. BMR should have correlated positively with vitamin E, and this relationship should have been clearer than others we tested, but we found no association in most cases and a negative association in a few subsets of species.
Much of the literature on antioxidants and life span has focused on enzymatic antioxidants, primarily located in the mitochondria (but see Lopez-Torres et al. 1993; Sun and Tower 1999; Van Remmen et al. 2003 ). Here we show that similar trends appear to apply to circulating levels of micromolecular antioxidants as well, across a wide range of bird species. This result is consistent with recent intraspecific work suggesting that high antioxidant capacity and uric acid are likely indicators of recent stress (e.g., oxidative or immune), perhaps because they are upregulated to deal with oxidative crises (Liu and Mori 1994; Oishi et al. 1999; Gümüslü et al. 2002; Tsahar et al. 2006; Hõrak et al. 2007; Cohen et al. 2008) . However, given the complexity of our results, we cannot predict what we would have found had we studied other antioxidants, such as selenium and vitamin C, or measured tissue levels of antioxidants in these birds. In particular, circulating levels of antioxidants might indicate mobilization of stored molecules and thus reflect short-term changes in condition in ways that do not parallel tissue levels. At the species level, most of these fluctuations should have averaged out, but differences could still reflect species-specific patterns of mobilization.
Multidimensional Life Histories
We had expected a single axis of correlated variables to dominate life-history variation (Ricklefs and Wikelski 2002) , but principal components analysis showed that at least three axes are necessary to represent the life-history variables included in this study. This challenges the widely held view that most life-history variation is evolutionarily intertwined with the trade-off between current and future reproduction, and this complicates the interpretation of our results. A recent study of mammalian life histories suggests that body size and lifestyle form independent axes driving evolution independently of the slow-fast continuum (Sibly and Brown 2007) . In the context of our study, it is not clear that body mass and nestling period should be considered life-history variables; for example, body mass is related to foraging and nestling period to nest safety, so they might not associate with pace of life. Additionally, the body mass associations with antioxidants could result from allometric scaling independent of optimization of investment. When body mass and nestling period are removed, a single strong life-history axis emerges. These issues require further analysis beyond the scope of this study. Still, if antioxidant levels track free radical production and free radical production is a mechanism of the current versus future reproduction trade-off, it is not clear which life-history variables we should be comparing to antioxidants. The most consistent associations were between antioxidants and body mass, perhaps fortuitously indicating the impact of diet on antioxidant levels (see next section, final paragraph).
Associations between Antioxidant and Life-History Variables
Most antioxidant variables showed strong associations with body mass, and this relationship was generally independent of other relationships. If this is a physiological scaling phenomenon that is similar to that known for BMR, it would be proper to use a mass-corrected antioxidant residual in analyses. However, because body size also associates with diet and ecology, it would be premature to assume that physiological scaling determines this relationship. Many antioxidants also showed associations with clutch size and climate zone. Nestling period and BMR were mostly unassociated with antioxidants, with one or two exceptions. Incubation period and survival rate showed associations that were generally not independently significant after controlling for other variables. However, controlling for survival rate made the effect of many other associations weaken or disappear, consistent with its split association with the first two principle component axes (see tables B7-B19). Thus, although survival rate cannot be viewed as independently driving the associations, its association with antioxidant levels was tightly tied to the effects of the other variables. This survival-rate dependence is important for interpreting our results because we wished to assess interspecific variation in antioxidants in the context of physiological self-maintenance, the long-term effect of which is to mitigate the accumulation of oxidative damage with age. Rate of aging itself is difficult to measure, and our best proxy here is annual adult survival rate. Rate of aging (as measured by age-dependent mortality) is directly related to annual adult mortality rate in natural populations, implying that selection on aging rate is driven by expected future reproduction (Ricklefs 1998) . However, agingrelated mortality is nonetheless most prevalent among long-lived species such as pelagic seabirds, indicating that evolutionary responses to extend life span in long-lived species might be limited by lack of suitable genetic variation. Antioxidant levels were inversely related to survival rate in our analysis. That is, lower antioxidant levels seem to be associated with lower rate of aging and greater longevity. Accordingly, high uric acid levels are unlikely to explain the longer life spans observed in birds relative to mammals (Holmes et al. 2001) . While this study does not directly address the potential health benefits of uric acid within species, the low levels of uric acid observed in some of our longest-lived species contradict the suggestion that high uric acid levels are a necessary component of proper avian health (Simoyi et al. 2002) .
Vitamin E was not consistently associated with any lifehistory variation-a striking result, given the wide range of values present in our sample. Of the antioxidants measured here, vitamin E has the most clearly established physiological role as an antioxidant (Surai 2002) , so the lack of associations between vitamin E and life histories somewhat undermines a functional interpretation of the observed associations. The carotenoid factor showed associations with body mass, survival rate, and incubation period, but individual carotenoid types often showed different patterns (see app. B). Nestling period was strongly associated with serum b-carotene concentration, and BMR was associated with zeaxanthin. However, it is unlikely that our current understanding of either antioxidant biochemistry or life-history evolution is sufficient to understand these patterns.
The general lack of associations between BMR and antioxidants is surprising. Only zeaxanthin showed a strong (positive) relationship with BMR; it might also be associated with the TAC-UA residual. BMR is the parameter most directly related to antioxidant measures mechanistically, and we expected the association here to be particularly strong. According to the theory that life span is inversely related to the "rate of living," higher massadjusted metabolic rate should result in greater free radical production and thus higher antioxidant levels (Sohal 2002; Speakman 2005 ). That we did not find such an association suggests the interplay of other factors.
We measured metabolic rate as oxygen consumption, but the efficiency of energy production per unit oxygen consumed depends on the inner mitochondrial membrane gradient, which can be adjusted by opening or closing proton channels (Brand 2000) . Since energy production efficiency trades off with free radical production (Echtay et al. 2002) , for a given level of energy demand, mechanisms for reducing free radical production might result in increased oxygen consumption ). The way that this "uncoupling to survive" trade-off is modulated across species could obscure any independent relationship between antioxidants and energy production. Smaller birds show greater proton conductance than large birds, suggesting higher free radical production in species with high mass-specific energy expenditures (Brand et al. 2003) , and free radical production rates may partially determine longevity. Also, higher rates of evolution of cytochrome b (a mitochondrial protein associated with energy and free radical production) in longer-lived songbirds appear to result from selection for amino acid substitutions that reduce free radical production (Rottenberg 2007) . Unfortunately, we cannot distinguish whether the lack of association observed here between BMR and antioxidants is because of the confounding of this relationship by mitochondrial membrane gradients, other types of noise in the system (e.g., imperfect measures), or a general failure of the rate-of-living theory.
The associations among life-history variables, as char-acterized by PCA, tended to break down when applied to carotenoids. Most notably, carotenoids exhibited associations with climate zone but not with clutch size. Also, body mass was associated with carotenoids, but wholeanimal BMR was not. The axes identified by PCA thus appear to change depending on the context of their application. Tella et al. (2004) also found an association between total plasma carotenoids (presumably mostly lutein) and body mass, and their relationship was robust to phylogenetic control in their taxonomically more diverse sample. Phylogeny does matter, however. For example, galliforms have different carotenoid absorption rates than passerines for a given dietary level, suggesting phylogenetic variation not just in diet but in physiology (McGraw 2005) . Diet could drive some of the patterns shown here. For example, large birds might consume different types of foods or have more diverse diets than small birds. Of the 15 heaviest species in our sample, only two are insect specialists-a woodcreeper and a woodpecker-and these and a blackbird have the highest TAC and uric acid levels among the large species. Among the 15 smallest species, 11 eat primarily insects, and many, particularly the temperate insectivores, have high TAC and UA levels. Because of their complexities, analyses of diet were not incorporated into this article, but diet underlies much of the variation in antioxidants in this sample (A. A. Cohen, unpublished data). However, because the antioxidant variation is multidimensional, particularly in relation to life histories, it is unlikely that diet can fully explain our observations. The relationship between diet and antioxidant levels will be explored in future publications.
Generality of Antioxidant-Life History Associations
Although some relationships between antioxidant and lifehistory variables were evident in all analyses, many of them depended on which species were included. Phylogenetic subsampling and division into tropical and temperate subsets both produced changes in the antioxidant-life history correlation structure. For example, nestling period was strongly negatively correlated with TAC and UA only in nine-primaried oscines, and BMR was negatively associated with these variables only among temperate species. Thus, both phylogeny and ecology appear to influence relationships between physiology and life histories, although phylogeny in this context could simply reflect similar ecology among related species. Tropical-temperate differences could reflect fruit availability, temperature, time of year, degree of seasonality, parasite load, migration intensity, or any number of other factors. Our results confirm the importance of relationships between physiology and life histories but suggest that the particulars of the relationships often depend on so many factors that consistent patterns might not be present. One exception is the negative association of body mass with TAC, UA, and carotenoids, which remains largely unchanged in all subsets and despite controlling for other life-history variables.
Most of our data were obtained during the (loosely defined) breeding season. However, even within the breeding season, we observed temporal variation in antioxidant levels (A. A. Cohen, unpublished data); we were unable to control for this or for the breeding status of individual birds. Sex differences in antioxidant levels are also species specific and often are absent (Cohen 2007 ). However, because of the relative homogeneity of sampling during breeding season, it seems unlikely that omitting these factors has biased our overall conclusions. The magnitude of the tropical-temperate difference seems too large to attribute to a seasonal bias alone, and it was accounted for in our analyses by stratifying according to climate zone.
A Hypothesis Relating Antioxidants and Homeostasis
Traditional hypotheses about the relationship of physiology to life-history trade-offs predict that high investment in physiological maintenance comes at a cost to reproduction. Our results provide some support for this but also for a second hypothesis, that investment in long-term physiological homeostasis comes at the expense of responsiveness to external stimuli. In this study, live slowdie old species not only had low constitutive antioxidant levels but also showed increases in these levels in response to handling stress. Conversely, live fast-die young species showed large decreases in response to stress (table B11) . One explanation is that large species with constitutively low levels produce/mobilize antioxidants in response to a specific stress; smaller species may have high constitutive levels in anticipation of stress. In other words, small, shortlived species experience repeated stresses on a day-to-day basis, and they thus invest in strategies based on the assumption that stress is unavoidable (see Wingfield et al. 1998) . In this sense, antioxidant levels might be related to life span through the temporal pattern of stress, which is influenced by body size and environment, rather than as a physiological function optimized with respect to longevity per se. Longer-lived species probably experience more constant environments and can invest in the tight regulation of their internal physiological environment, which is probably a prerequisite for the physiological maintenance necessary to live for decades.
Homeostasis can be considered a lack of variance in physiological parameters over time (R. Varadhan, personal communication) . Physiological systems are highly complex and tightly interwoven, and a change in one system affects the others (e.g., Casto et al. 2001 ). Accrual of damage associated with aging and physiological decline would be greater in species that allowed more external influence on their physiological processes. Increasing sensitivity of physiological systems to extrinsic factors could reduce the stability and predictability of internal processes, including those related to protection against damage. However, immediate response to extrinsic factors could also have benefits, including greater adaptability to changing conditions. Tight regulation of homeostasis could be costly due to inability to adjust each system optimally to external conditions and due to the direct cost of producing and maintaining molecules and systems involved in homeostatic regulation. Thus, homeostasis might trade off with adaptability in the evolution of life-history strategies. Resident tropical lowland forest bird species have more stable environments than temperate species and might be subject to less selection for adaptability at the expense of homeostasis. High constitutive antioxidant levels in temperate species might reflect both greater need for an acute response to stress and higher baseline levels of free radical production in species selected to maximize current over future reproduction. In this sense, the trade-off between current and future reproduction, which underlies differences in life span according to life-history theory and the disposable soma theory, could be complemented by a physiological trade-off between tight regulation of the internal environment and responsiveness to the external environment (stability versus flexibility).
Overall Conclusions
This study has several implications beyond the association between high antioxidant levels and live fast-die young life-history strategies. First, the complexity underlying this relationship is remarkable. Clearly, antioxidants are not unified in their relationship to avian life histories, suggesting that the functional classification "antioxidant" may not be appropriate in this context. Other roles, such as signaling and use in the immune respiratory burst, could affect these patterns. Similarly, variation in immune system responses also cannot be condensed into a single, easily understood axis (Matson et al. 2006) , and hormone action is also species specific (e.g., Wingfield et al. 1998) . Our results thus support the general hypothesis that life-history variation is associated with and at least partly determined by the evolution of physiological systems (Wikelski and Ricklefs 2001) , but they suggest that we may not be able to understand these relationships easily. Second, survival rate plays a unifying role relating antioxidants to life histories; antioxidant correlations with survival were weaker than they were for some other life-history variables, but controlling for survival made most of the other relationships disappear or weaken, consistent with the loading of survival rate on both the first and the second principle component axes. Thus, despite its complex relationship to environment and fitness (Ricklefs 2000) , survival rate is the only life-history trait measured here that seems to fully capture the main axis of life-history variation as broadly discussed in the literature (Ricklefs and Wikelski 2002) . We are just beginning to understand how antioxidant levels and their regulation are integrated into the life history of birds.
